Telomeres are specialized nucleoprotein structures that protect chromosome ends from DNA damage response (DDR) and DNA rearrangements. The telomeric shelterin protein TRF2 suppresses the DDR, and this function has been attributed to its abilities to trigger t-loop formation or prevent massive decompaction and loss of density of telomeric chromatin. Here, we applied stochastic optical reconstruction microscopy (STORM) to measure the sizes and shapes of functional human telomeres of different lengths and dysfunctional telomeres that elicit a DDR. Telomeres have an ovoid appearance with considerable plasticity in shape. Examination of many telomeres demonstrated that depletion of TRF2, TRF1, or both affected the sizes of only a small subset of telomeres. Costaining of telomeres with DDR markers further revealed that the majority of DDR signaling telomeres retained a normal size. Thus, DDR signaling at telomeres does not require decompaction. We propose that telomeres are monitored by the DDR machinery in the absence of telomere expansion and that the DDR is triggered by changes at the molecular level in structure and protein composition.
Paull 2005). ATM then phosphorylates various substrates, culminating in the DDR cascade.
Telomere-bound TRF2 simultaneously inhibits ATM kinase (Karlseder et al. 2004 ) and the propagation of DNA damage signaling downstream from ATM (Okamoto et al. 2013) . In parallel, MRN recruitment and ATM activation at telomeres may be prevented through t-loops. In tloop structures, the telomeric 3 ′ overhang is tucked into the double-stranded part of the telomere (Griffith et al. 1999) and may therefore hide the ends of chromosomes from the DNA damage machinery. T-loops were first detected when analyzing psolaren cross-linked telomeric DNA that had been purified from human or mouse cells (Griffith et al. 1999) . More recently, when analyzing cross-linked chromatin spreads in vitro by stochastic optical reconstruction microscopy (STORM), t loops were found at ∼20% of telomeres with varying strand invasion points (Doksani et al. 2013) . Intriguingly, depletion of TRF2 caused loss of t loops. Thus, TRF2-dependent suppression of DDR and t-loop formation are correlated. A very different alternative model was proposed recently in which loss of TRF2 would lead to an up to 10-fold decompaction (decrease in density) of telomeric chromatin, rendering telomeres accessible to DDR factors that would otherwise be excluded (Bandaria et al. 2016 ). Within this model, activation of ATR signaling upon TRF1 depletion was also explained by chromatin decompaction rather than the accumulation of ssDNA at stalled replication forks in S phase as discussed above. The telomere decompaction model was based on data obtained with superresolution microscopy on human cells in which TRF1, TRF2, or other shelterin components were depleted.
Here, we applied STORM superresolution fluorescence microscopy to study telomere structure (Rust et al. 2006) . With STORM, we can determine the positions of individual fluorescent probes on a telomere with precision on the order of 10 nm by stochastically switching the fluorophores between fluorescent and dark states. A STORM measurement on a single telomere yields a cluster of fluorophore position estimates (known as localizations) from which structural properties of the telomere, such as its size and shape, were calculated. We depleted TRF1 and TRF2 to assess their roles in telomere compaction and used a large field of view (FOV) flat illumination microscope setup to capture a large number of telomeres (>900 per condition) with high image quality (Douglass et al. 2016) . By costaining telomeres with the DNA damage markers 53BP1 and γH2AX, we were able to unequivocally distinguish telomeres eliciting a DDR from intact telomeres. Our results reveal that the vast majority of DDR-positive telomeres does not differ in size from DDR-negative telomeres, excluding telomere decompaction from being generally associated with the DDR.
Results

STORM imaging of human telomeres
To visualize the TTAGGG repeats of human telomeres, we hybridized fixed HeLa cells with a PNA oligonucleotide (5 ′ -CCCTAA-3 ′ ) 3 probe that was labeled at its 5 ′ end with the fluorescent dye Alexa fluor 647. Imaging was performed with a custom-built microscope capable of performing STORM on 10-30 cells simultaneously, facilitating the acquisition of large data sets and better ensuring sufficient sampling over the sample heterogeneity. The mean localization precision of fluorophores was 10 nm in the X and Y directions (Supplemental Fig. S1 ). As expected, wide-field imaging showed telomeres as diffraction-limited spots (Fig. 1A) . However, STORM imaging resolved individual fluorophores, forming clusters of localizations corresponding to telomeres. To ensure that every cluster corresponded to a telomere, the localizations were overlaid with wide-field images, and the data were filtered to reject groups of signals that did not correspond to an image of a telomere, had a very low number of localizations (<50), or were not properly clustered. Many telomeres adopted roughly an ovoid structure, but the heterogeneity of shapes suggested a considerable plasticity of telomeres ( Fig. 1C; Supplemental Fig. S2 ).
We assessed telomere sizes by computing each cluster's radius of gyration (R g ), which is the root-mean-square distance between the localizations and the cluster center. Our measured R g values correlate well with another measure of size, the convex hull area (Supplemental Fig. S1 ). Unlike the convex hull, however, which uses only localizations at the extreme edges and assumes that cluster outlines have no concavities, R g uses every localization in the cluster to determine telomere size and makes no assumptions on telomere shape. We compared the telomeres of two isogenic HeLa strains, termed HeLa S (HeLa cells with short telomeres) and HeLa L (HeLa cells with long telomeres), in which the average telomere length was 11 kb and 33 kb as determined by telomere restriction fragment length analysis (Fig. 1D) . The long telomeres in Hela L were obtained upon overexpression of the catalytic subunit of telomerase hTERT together with RNA moiety hTR (Cristofari and Lingner 2006; Grolimund et al. 2013) . The average R g of HeLa S was 68 nm, and the average R g of HeLa L 88 nm (Fig. 1E,F) . Therefore, longer telomeres showed a larger R g , as expected. The spread in the distributions is consistent with the measured heterogeneity of telomere lengths. Considering that the volume of a sphere increases with the third power of the radius, we estimated that HeLa L telomeres have a slightly higher density (1.4×) than HeLa S (see the Materials and Methods).
Telomere sizes of shelterin-depleted telomeres
To study the roles of the shelterin proteins TRF1 and TRF2 in telomere size maintenance, we depleted TRF1 and TRF2 upon expression of shRNAs in HeLa cells from transiently transfected vectors (Fig. 2) . Alternatively, we transiently overexpressed a mutant version of TRF2 (TRF2ΔBΔM) that is dimerization-competent but DNAbinding-deficient and instrumental in titrating off endogenous TRF2 from telomeres (van Steensel et al. 1998) or used siRNAs targeting TRF1 (Supplemental Fig. S3 ). The depletion of TRF1 and TRF2 was confirmed on Western blots ( Fig. 2A; Supplemental Fig. S3A,D) . A loss of function was indicated by the accumulation of the activated and phosphorylated form of the checkpoint kinase ATM (Fig. 2A) . The accumulation of the DNA damage marker 53BP1 in foci that colocalized with telomeres indicated that the damage occurred at telomeres (Fig. 2B,C) . We then determined the R g in control cells and TRF1-depleted, TRF2-depleted, and TRF1/2-double-depleted cells. Strikingly, the radii had similar mean values and similar variances (Fig. 2D,E) . Therefore, upon strong reduction of shelterin proteins, the telomeric chromatin did not change its compaction in a significant manner. However, it must be noted that, in depletion experiments, only a fraction of telomeres elicit a DDR, as evidenced by the accumulation of the DDR marker 53BP1 at only a subset of telomeres ( Fig. 2C; Supplemental Fig. S3B,E) . Therefore, these experiments did not rule out specific changes at DDR-active versus DDR-inactive telomeres.
Telomeric DDR in the absence of decompaction
To identify and compare the sizes of DDR-positive and DDR-negative telomeres, we costained telomeres with antibodies against either 53BP1 or γH2AX, both of which can serve as DDR markers ( Fig. 3; Supplemental Fig. S4 ). The average R g of DDR-positive telomeres was slightly larger than that of DDR-negative telomeres. However, this shift in the mean value was due to a small subset of DDR-positive telomeres that had a considerably larger R g (∼10% of control telomeres had an R g of >100 nm, whereas 37% of 53BP1-positive telomeres had an R g of >100 nm) (Fig. 3D) . However, the vast majority of DDR-positive telomeres had an R g that was indistinguishable from DDR-negative telomeres. This indicates that chromatin decompaction is not required for the telomeric DDR.
Efficient depletion of TRF2 is known to lead to telomere associations and chromosome end-to-end fusions in addition to eliciting a telomeric DDR. We therefore suspected that the small subset of DDR-positive telomeres with larger R g s contained more telomeric DNA and possibly corresponded to telomere associations. Consistent with this, we observed a positive correlation between the number of localizations and R g (Fig. 4A) , including a population of DDR-positive telomeres with a higher number of localizations and larger R g s compared with the control (Fig. 4B) . For the longer telomeres in HeLa L, we also observed a larger number of localizations (mean n = 412) than in HeLa S (mean n = 299), although their ratio was not in proportion with their average lengths, which differed by a factor of three. Finally, fluorescence intensity in fluorescence in situ hybridization (FISH) experiments has been correlated with telomere length in numerous studies (Poon and Lansdorp 2001) . Altogether, these analyses suggest that the small subset of DDR-positive telomeres in TRF2-depleted cells that had a larger R g contained more telomeric DNA. Since depletion of TRF2 during a short time period does not induce telomere length changes (Supplemental Fig. S5 ), this suggests that the larger telomeres were due to telomere-telomere associations. This was supported by inspection of their shapes, which further indicated larger deviations from the ovoid shapes that were seen in DDR-positive telomeres with a near-average R g as well as control telomeres (cf. Fig. 4C ,D and Supplemental Fig. S2 ). However, these experiments could not fully exclude that a higher number of localizations could be due to increased probe accessibility.
Telomere size measurements by FISH and anti-TRF1 immunofluorescence (IF) are consistent
To further corroborate our analysis, we compared telomeres that were stained with FISH probes with telomeres that were stained by indirect IF with affinity-purified polyclonal antibodies raised against TRF1 (Fig. 5) . The experiments were carried out with HeLa L cells with telomeres of an average length of 33 kb, as they gave a good signal over noise (Fig. 5B) . The average R g of HeLa L was 88 nm when telomeres were labeled by FISH (Figs. 1F, 5A) and 103 nm when labeled by IF against TRF1 (Fig. 5C ). The slightly larger R g obtained with IF can be explained by the sizes of primary and secondary antibodies that will place the fluorescent label at an offset distance from TRF1-bound telomeres and therefore lead to an apparent size increase (Lambert and Waters 2017) .
We also compared the R g distributions of telomeres in HeLa L that had been depleted for TRF2. For FISH and IF, the DDR-negative telomeres had a distribution similar to that of empty vector cells. For DDR-positive HeLa L telomeres, we observed with both methods a major peak in the size distribution that was indistinguishable from that of nondepleted cells and a smaller subset of DDR-positive telomeres with larger R g s as compared with the control. Therefore, the analyses by FISH and IF are consistent. Furthermore, the telomeres of HeLa L and HeLa S responded similarly to the depletion of TRF2. In both cases, the great majority of telomeres eliciting a DDR did not increase in size.
Discussion
In this study, we applied STORM to study the shape and size of human telomeres. Using a large FOV illumination system known as FIFI (Douglass et al. 2016) , we were able to simultaneously sample multiple cells that differed in their telomeric states. The determined telomere sizes demonstrate that telomeric DNA is compacted when assembled as chromatin in cells. A B-DNA double helix of 11,000 base pairs (bp) has a calculated length of 3650 nm. The measured R g of 68 nm for 11,000 bp of telomeric chromatin suggests a compaction in length of <27-fold. Our measurements are in agreement with previous studies on mouse and human telomeres (Doksani et al. 2013; Bandaria et al. 2016 ). Our analysis reveals that the volume elements occupied by human telomeres can be approximated by ovoid structures. However, the heterogeneity of shapes indicates substantial plasticity of telomeres.
We addressed the question of whether telomere compaction changes upon depletion of TRF1 or TRF2. We observed no major changes in telomere density. This therefore suggests that, upon shelterin removal, telomeric DNA remains compacted. TRF2 is able to package telomeric DNA in vitro (Benarroch-Popivker et al. 2016 ), but the lack of this activity upon TRF2 depletion can obviously be compensated for by other factors such as nucleosomes or other proteins that remain unidentified. We also specifically analyzed the sizes of TRF2-depleted telomeres that elicited a DDR. This was possible by costaining of telomeres with the DDR markers 53BP1 and γH2AX. This analysis revealed that the majority of telomeres eliciting a DDR did not differ in size in comparison with their DDR-negative counterparts. This therefore strongly indicates that telomere decompaction is not linked to the DDR. In addition, the data suggest that t-loop unfolding does not lead to massive telomere expansions and shape changes. A small subset of DDRpositive telomeres showed a higher R g . However, these telomeres had proportionally higher numbers of localizations. Consistent with this, telomeres stained with TRF1 antibody gave similar size distributions, and, again, larger telomere foci had a higher number of localizations. As TRF2 depletion does not lead to rapid telomere elongation, the most straightforward interpretation of these results is that the large telomeres with a high number of localizations correspond to telomere clusters. However, we cannot fully exclude that the small subset of DDRpositive telomeres with a large R g corresponds to decompacted telomeres that at the same time became more susceptible to labeling with the FISH probe and the TRF1 antibodies.
Our data indicate that decompaction of telomeres is not required for the telomeric DDR. On the other hand, we observed a high plasticity of telomere shapes. This suggests a dynamic nature of telomeres, which may facilitate protein composition changes at telomeres in response to cell cycle, cell differentiation, or stress. We therefore favor the idea that telomeres are constantly accessible to proteins, including the checkpoint machinery, that monitor their intactness. Consistent with this model are several previous observations. A rapid exchange of GFP-tagged TRF1 and TRF2 in the second to minute scale at chromosome ends was demonstrated, supporting a dynamic model for telomeres with a constant flux of its constituents (Mattern et al. 2004) . Telomerase was also shown to be able to access telomeres in S phase with high frequency (Schmidt et al. 2016) . Finally, Mre11, ATM, and ATR were detected at telomeres in chromatin immunoprecipitation experiments from late S phase to the G2/M transition (Verdun and Karlseder 2006) , where they may promote telomerase recruitment (Lee et al. 2015; Tong et al. 2015) . Thus, our study and others support the notion that telomeres are physically accessible to non-telomere-bound proteins and that telomeres do not shield chromosome ends from protein access. In this regard, telomeres may not be substantially different from other regions of the genome that are characterized by dynamic nucleosomes, allowing the scanning of genome information (Hihara et al. 2012; Ricci et al. 2015) .
Our data are consistent with the accompanying study by the Zhuang and de Lange laboratories (Timashev et al. 2017) in which the size of mouse telomeres was analyzed in the presence and absence of TRF1 and TRF2. These investigators also did not find evidence that DDR requires substantial chromatin decompaction when shelterin is compromised. However, our data and conclusions are in striking contrast to the ones put forward by the Yildiz group (Bandaria et al. 2016) , who proposed that intact telomeres are excluding the checkpoint proteins because of steric hindrance from the very dense packaging. In their study, TRF1-depleted or TRF2-depleted telomeres were reported to expand up to 10-fold in volume, and, in their model, only expanded telomeres became accessible to the DDR machinery. To better facilitate comparison with other works, we reanalyzed our data using the convex hull as a readout for size (Supplemental Fig. S6 ). We estimated the convex hull volume by computing the convex hull areas for all of our two-dimensional (2D) clusters and raised these values to the power 3/2. Considering that the volume increases with the third power of the radius, the convex hull comparisons inflated relative differences between HeLa S and HeLa L telomeres and DDR-negative and DDR-positive telomeres as expected (Supplemental Fig. S6A,B) . However, in analogy to the R g comparison, the difference in mean volume of DDR-negative and DDR-positive telomeres was driven by a small subset of very large telomere foci (Supplemental Fig. S6C ). Thus, while we are not able to fully explain the discrepancies between the measurements, our study includes the following major advances. First, we developed an imaging platform that allowed the analysis of an unprecedentedly large number of telomeres, providing a very high confidence on our measurements. Second, we visualized telomeric DNA by FISH or endogenous TRF1 by IF without manipulating native telomere protein composition, whereas, in the previous study (Bandaria et al. 2016) , key data were acquired by photoactivated localization microscopy (PALM) imaging of cells that overexpressed mEos2-tagged versions of TRF1 and TRF2. Third, we distinguished DDR-positive and DDR-negative telomeres and analyzed them separately, allowing us to identify and characterize the more heterogeneous populations of DDR-positive telomeres. Our technical developments set the stage to study telomere compaction in various cellular states and dissect the roles of telomeric chromatin components for telomere morphology.
Materials and methods
Cell culture
HeLa cell lines harboring 11-kb-long (HeLa S) and 33-kb-long (HeLa L) telomeres were described previously (Grolimund et al. 2013 ). Both cell lines were maintained at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and penicillin/streptomycin.
Telomere restriction fragment length analysis
Genomic DNA was isolated using the Wizard Genomic DNA purification kit (Promega). Genomic DNA (8 µg) was subjected to restriction digestion with HinfI and RsaI and separated by pulsefield gel electrophoresis on 1% agarose in 0.5× TBE at 5 V cm
for 16 h at 14°C with switch times ramped from 0.5 to 6 sec. The gel was dried for 2 h at 50°C, denatured with 0.8 M NaOH and 150 mM NaCl, neutralized with 0.5 M Tris-HCl (pH 7.0) and 1.5 M NaCl, prehybridized at 50°C in Church buffer (1% BSA, 1 mM EDTA, 0.5 M Na-phosphate buffer at pH 7.2, 7% SDS), and hybridized overnight at 50°C to a [ 32 P]-labeled telomeric probe as described (Grolimund et al. 2013) . After hybridization, the gel was rinsed in 4× SSC followed by successive 1-h washes at 50°C in 4× SSC, 4× SSC, 0.5% SDS, 2× SSC, and 0.5% SDS. The image was acquired using a FujiFilm Fluorescent Image Analyzer (FLA-3000).
The subtelomere sequence assemblies from the Riethman laboratory at the Wistar Institute (http://www.wistar.org/lab/haroldc-riethman-phd/page/subtelomere-assemblies) were used to calculate the average DNA length (419 bp) contributed by subtelomeric DNA to the telomere restriction fragments following HinfI and RsaI cleavage.
Antibodies
The following antibodies were used: TRF1 (Abcam, ab371; a generous gift from Dr. Titia de Lange) for Western blots, TRF1 (affinity-purified rabbit antibody against recombinant TRF1 from serum no. 605 448) (Grolimund et al. 2013) 
Plasmids
Plasmids containing shRNAs used in this study were prepared by restriction cloning of annealed oligonucleotides into pSUPERpuro or pSUPERblast plasmid backbones (Oligoengine). The target sequences of the shRNAs were TRF1 (5 ′ -GAATATTTGG TGATCCAAA-3 ′ ) cloned into pSuperPURO and TRF2 (5 ′ -GCG CATGACAATAAGCAGA-3 ′ ) pSuperBLAST (Porro et al. 2014 ). The pLPC_TRF2_ΔBΔM plasmid (a generous gift from Dr. Titia de Lange; Addgene, plasmid 18008) was used for overexpression of TRF2ΔBΔM. The pLPC-N-MYC empty plasmid (Addgene, plasmid 12540) was used as a control.
Transfection protocols
For depletion experiments, HeLa S cells were transfected in sixwell plates at 60%-80% confluency using Lipofectamine 2000 according to the manufacturer's protocol (ThermoFisher, catalog no. 11668019). Puromycin (1 µg/mL; Invivogen, ant-pr-1) and 5 µg/mL blasticidin (Invivogen, ant-bl-1) were added to the medium 20-24 h after transfection, and the cells were expanded in 10-cm dishes. Selection with the two antibiotics was maintained for 4 d. Empty pSuperPURO and pSuperBLAST plasmids were used as controls in all of the experiments.
For overexpression of the TRF2ΔBΔM dominant-negative mutant, HeLa S cells were transfected in six-well plates at 60%-80% confluency using Lipofectamine 2000 according to the manufacturer's protocol (ThermoFisher, catalog no. 11668019) and harvested 48 h after transfection for Western blot and microscopy experiments.
For siRNA-mediated depletion of TRF1 (Supplemental Fig. S2 ), HeLa S cells were transfected using a standard Ca-phosphate protocol with 0.5 pmol of siRNA at 20%-30% confluency. TRF1-specific siRNAs corresponded to a mix of several siRNAs (Santa Cruz Biotechnology, sc-36722). As a control, a nontargeting siRNA against GFP was used (sequence: 5 ′ -GCAGCACGACUU CUUCAAGUUdTdT-3 ′ ). Transfected HeLa S cells were harvested 48 h after transfection.
Telomeric PNA-FISH
FISH staining of human telomeric DNA (Celli and de Lange 2005) was performed as follows. For the analyses performed in Figure 1 , E and F, HeLa S and HeLa L cells were grown on coverslips (thickness 0.17 mm ± 0.005 mm; Carl Roth, YX04.1) to 80% confluency. For the shRNA-mediated depletion experiments (Figs. 2E,  3E ,D), cells were grown on coverslips and harvested for Western blot and microscopy experiments after 4 d of selection. For the overexpression experiments and siRNA-mediated depletion experiments (Supplemental Fig. S2 ), cells were grown on coverslips and harvested after 48 h. After harvesting, the coverslips were washed in 1× PBS, fixed with 4% formaldehyde in 1× PBS at room temperature, permeabilized in 1× detergent solution (0.1% Triton X-100, 0.02% SDS in 1× PBS), and dehydrated with increasing amounts of ethanol (70%, 95%, and 100%). Dehydrated coverslips were then placed on slides containing 90 µL of hybridization mix [10 mM Tris-HCl at pH 7.4, 2% blocking reagent (Roche, reference no. 11096176001), 70% formamide, 0.1 µM A647-labeled (CCCTAA) 3 PNA probe (PNA Bio, F1013)] and denatured for 3 min at 80°C in a hybridization oven. Subsequently, the hybridization was allowed to proceed for 3 h in a light-protected humidified chamber at 25°C. Coverslips were removed from the slide and washed twice for 15 min in buffer containing 70% formamide and 10 mM Tris-HCl (pH 7.4) and three times for 15 min with 0.1 M Tris-HCl (pH 7.2), 0.15 M NaCl, and 0.08% Tween-20. For DNA staining, DAPI was added to 1 µg/mL in the second wash. After the washes, coverslips were stored at 4°C in 1× PBS in the dark until imaging.
Indirect IF and telomeric FISH (IF-FISH)
Indirect IF detection of human 53BP1 and γH2AX followed by telomeric FISH staining was performed as described with minor modifications (Celli and de Lange 2005) . Cells were grown on coverslips (thickness 0.17 mm ± 0.005 mm [Carl Roth, YX04 .1] for STORM imaging or 12 mm [Menzel-Glaser, CS12100] for confocal imaging) as described in the previous section. After harvesting, the coverslips were washed in 1× PBS, fixed with 4% formaldehyde in 1× PBS, and permeabilized in 1× detergent solution (0.1% Triton X-100, 0.02% SDS in 1× PBS). The slides were then preblocked in 2% BSA in 1× PBS, blocked for 30 min in 10% normal goat serum in 2% BSA and 1× PBS, incubated for 1 h at room temperature with either anti-53BP1 (1:2000 dilution) or anti-γH2AX (1:1000) antibody, and washed three times for 5 min in 2% BSA and 1× PBS. Alexa fluor 488-labeled goat antirabbit antibody (Thermo Fisher, A-11034) was used for detection of 53BP1 for STORM imaging experiments, and Alexa fluor 633-labeled goat anti-rabbit antibody (Thermo Fisher, A-21070) was used for confocal imaging experiments. Alexa fluor 488-labeled goat anti-mouse antibody (Thermo Fisher, A-11001) was used for detection of γH2AX for both STORM and confocal imaging experiments. After detection with the secondary antibody, the cells were washed three times with 1× PBS, post-fixed with 4% formaldehyde for 5 min, and dehydrated with increasing amounts of ethanol (70%, 95%, and 100%). Dehydrated coverslips were then processed in the same manner as described for the telomeric PNA-FISH procedure using a A647-(CCCTAA) 3 PNA probe (PNA Bio, F1013) for STORM imaging and a Cy3-(CCCTAA) 3 PNA probe (PNA Bio, F1002) for confocal imaging. For simultaneous detection of TRF1 and γH2AX, cells were stained as above except that dehydration and FISH steps were left out.
For the analysis of telomere dysfunction-induced foci after the IF-FISH procedure, the slides were mounted in VectaShield mounting medium (Vector Laboratories). Images were acquired using a Zeiss LSM 700 upright microscope equipped with an Axiocam MRm(B/W) camera and controlled by Zen2009 software. The images were analyzed using the Cell Counter plug-in for FIJI.
Estimation of the ratio of telomere densities of HeLa L to HeLa S
A rough estimate of the ratio of volume densities of chromatin per telomere for HeLa L and HeLa S cells may be made from the data in Figure 1 . The mean R g s for HeLa L and HeLa S were 0.088 µm ± 0.023 µm and 0.068 µm ± 0.021 µm (mean ± standard deviation), respectively. The average lengths for HeLa L and HeLa S were 33 kb and 11 kb, respectively. The ratio of the volume density of HeLa L telomeric chromatin, ρ L , to HeLa S telomeric chromatin, ρ S , is therefore
Due to the large sample sizes, the value for the standard error of the mean Rg is <1 nm. However, sampling bias in the microscopy measurements typically leads to a variation in the observed mean of approximately ±5 nm from experiment to experiment. Taking this as the value for the error in the Rg, the upper value for the range on the estimate is The final estimated value for the ratio of densities of telomeric chromatin is therefore ρ L /ρ S = 1.4 + 0.6/−0.5.
STORM image acquisition
STORM imaging was performed on a custom-built STORM microscope with a 100 × 100-µm 2 FOV as described previously (Douglass et al. 2016) . The large FOV of this microscope allowed for the simultaneous imaging of between ∼10 and 30 nuclei; a flat illumination pattern ensured uniform fluorophore photoswitching across the FOV. For each condition and replicate, three to five FOVs were acquired, depending on the density of the cells. For the present work, an additional laser (Coherent Sapphire, 488-nm peak emission wavelength, 50 mW) was introduced into the setup to image Alexa 488 IF. A dichroic filter (Chroma, Z488bcm) was used for beam combining, and fluorescence emission in the Alexa 488 channel was filtered with a GFP emission filter (Chroma, ET525/50m).
Individual coverslips containing fixed and labeled HeLa cells were placed in a custom-built sample holder containing 1000 µL of imaging buffer (see below) supplemented with an oxygenscavenging system. Before each STORM acquisition, a wide-field image of the FOV was acquired: one for the Alexa 647 channel (50-msec exposure time at 1.4 mW in the objective back focal plane [BFP] ) and one for the Alexa 488 channel (500-msec exposure at ∼0.1 mW in the objective BFP). For STORM acquisitions, 20,000 frames per FOV at 10-msec exposure time and zero interframe delay were acquired with ∼590 mW of 647-nm laser power in the objective BFP; only the Alexa 647 channel was acquired in STORM. A 405-nm laser light was applied at frame number 10,000 and steadily ramped upward between 0 and 4.0 mW in the objective BFP through the end of the acquisition. The 405-nm laser light was applied to return Alexa 647 fluorophores to the emitting state and achieve more complete spatial sampling.
The STORM imaging buffer with oxygen-scavenging system was described previously (Olivier et al. 2013 ) and uses millimolar concentrations of polyunsaturated hydrocarbon cyclooctatetraene to boost photon yields during STORM imaging. All reagents were purchased from Sigma-Aldrich. The images shown in Figure 1A were taken on an inverted Nikon N-STORM microscope with a 100×/1.49 N.A. apo TIRF objective (Nikon) and an EMCCD camera (Andor, iXon3 897). A 500-mW 640-nm laser (Coherent Sapphire) and a 100-mW 402-nm laser (Coherent Sapphire) were used to induce fluorophore photoswitching and control the switching rate, respectively. Molecule localization and drift correction (using cross-correlation) for data in Figure 1A only were performed in the Nikon NIS-Elements software version 4.30.01. Before the STORM acquisition, wide-field images of the DAPI and Cy5 channels were acquired. The probe used in this experiment was the Cy5-(CCCTAA) 3 PNA probe (Eurogentec, PN-TC055-005), and the DNA was labeled with DAPI. The oxygenscavenging system used for STORM imaging was glucose oxidase/catalase-based and prepared as described previously (Olivier et al. 2013 ).
Filtering and cluster analysis of STORM data
The filtering and analysis pipeline used in this work consists of seven discrete steps that were applied to each FOV individually (Supplemental Fig. S1 ). Unless otherwise stated, analyses were performed in a custom-written Python analysis library (B-Store, versions 0.1.1 and 0.2.0; https://github.com/kmdouglass/bstore) for Python 3.5.
Computing localizations from raw image stacks
Input data for the analysis pipeline originated from STORM acquisitions and consisted of stacks of images of single fluorescent molecules labeling the telomeric DNA. All STORM image stacks in this study contained 20,000 frames recorded at 10-msec exposure times with zero delay between each frame. Image stacks were saved to a disk during acquisition as multipage tagged image format (TIF) files; each frame was represented as a 2D array of pixels whose intensities (in analog to digital units) were stored as 16-bit integers. Square subregions that potentially contained single molecules were segmented from each frame using a peak-finding algorithm that incorporated a sCMOS camera-specific noise model and used a difference of smoothing filters followed by a local maximum filter (Huang et al. 2011) . Localizations (i.e., estimates of single fluorophore positions in each camera frame) were determined with subpixel accuracy in the candidate regions using a previously described sCMOS camera-specific maximum likelihood estimator fitting algorithm (Huang et al. 2013 ). Both of these steps were implemented in MATLAB 2014a and CUDA 4.0. We used the values shown in Table 1 for the input parameters for the segmentation and fitting algorithms in all data sets.
Optimal values for the filter sizes and the peak threshold were determined by simultaneously varying their values and visually inspecting a small number of frames from an image stack until the majority of fluorescent spots was successfully identified. The pixel size was determined by focusing on 100-nm-diameter TetraSpeck fluorescent beads emitting light in the Alexa 647 channel (Life Technologies), depositing the beads on a coverslip, and immersing them in deionized water using the pixel size calibration routine in Micro-Manager (version 1.4.22, nightly build 2015-07-27) (Edelstein et al. 2014) . Frames earlier than frame 500 were not processed because too many molecules were still emitting to allow for their accurate localization at these times. All other parameters retained their default values.
Drift correction
Axial drift was corrected during acquisition to ∼10-nm standard deviation using a TIR laser-based active autofocus method as described previously (Douglass et al. 2016) and the pgFocus open hardware autofocus module (http://big.umassmed.edu/wiki/ index.php/PgFocus). Localizations were corrected for lateral drift using 100-nm-diameter gold fiducial beads (corpuscular, 5.6 × 10 9 particles per milliliter) that were first diluted 1:1 in 100 µg/mL poly-L-lysine (Sigma-Aldrich) to promote adhesion to the cell membrane. Prior to imaging, 200 µL of the bead suspension was pipetted onto the coverslips, allowed to sit for 5 min, and then gently washed once with phosphate-buffered saline before coverslips were immersed in STORM imaging buffer.
Localizations originating from fiducial beads were identified in the localization data sets by rendering 2D histograms with 1 × 1 µm 2 bin sizes and manually selecting bins containing a number of localizations that was approximately equivalent to the number of frames in the image stacks. For each region, tracks of the x and y positions of the localizations versus camera frames were fit with a weighted cubic smoothing spline using a Gaussian smoothing filter for weighting whose standard deviation was typically equivalent to 200 frames and whose window size was 800 frames. These numbers were varied slightly on a case-by-case basis if spline fits were poor. The resulting splines for each fiducial track were averaged together to form a final drift trajectory and correct the localizations in that particular FOV. FOVs that contained no good fiducials were discarded from the analysis.
Filtering and merging localizations
Localizations with precision estimated by the fitting algorithm to be >30 nm and log likelihood ratios >250 were discarded from the analysis. (The log likelihood ratio is a measure of how closely a single-molecule image resembles a 2D Gaussian point spread function [PSF] model.) The value for the localization precision filter was chosen to be approximately three times the measured localization precision ( Supplemental Fig. S1 ); with this value, ∼99% of all localizations corresponding to a single fluorescent molecule should be retained when their emissions are well separated in time. The maximum log likelihood was selected by varying its value and observing scatter plots of localizations overlaid on the wide-field images. An optimal value struck a balance between rejecting localizations that did not overlap with any features in the wide-field images and accepting all localizations originating from the telomeres.
Because we performed 2D STORM imaging to obtain as high a localization precision as possible, we removed localizations whose fitted PSF images had widths >175 nm (standard deviation of the 2D Gaussian). This ensured that only localizations coming from a focal volume of small axial extent were retained for analysis. The average width of all localizations prior to filtering was typically ∼150 nm. After filtering, localizations were merged along the time dimension to reduce stochasticity in the spatial sampling of the telomeres due to rapid blinking of the Alexa 647 molecules, whose off-time distribution displayed two behaviors: a short pronounced peak at the origin and a long tail comprised of relatively few events (Supplemental Fig. S1 ). The merge radius was set to 30 nm (or three times the measured mean localization precision), and the gap time was set to one frame to balance the rapid blinking behavior against the chance to erroneously merge localizations from distinct molecules. This meant that a track of localizations could disappear and reappear for at most one frame and still be merged into a single localization. Merging was performed using a Python implementation of the Crocker-Grier tracking algorithm (Trackpy version 0.3.0; http://doi.org/10.5281/zenodo.34028).
Spatial clustering
Localizations were spatially clustered using the DBSCAN clustering algorithm (Martin et al. 1996 ) from scikit-learn (version 0.17.1). The minimum number of localizations per cluster was set to eight, and the neighborhood radius was set to 90 nm. These values were determined by varying them and simultaneously observing the results of the clustering of localizations overlaid on a corresponding wide-field image. Ideal values did not erroneously group distinct clusters of localizations that originated from separate telomere signals into single clusters; ideal values also did not break up distinct clusters into multiple subclusters. After clustering, we removed clusters with <50 localizations because these clusters very often did not overlap a feature in the wide-field images as described below.
Alignment to wide-field images
Each set of clustered localizations was binned into a separate 2D histogram with bin side lengths of ∼22 nm. The corresponding wide-field fluorescence images in the Alexa 647 channel were upsampled five times to the same pixel size (22 nm) and cross-correlated with the localization histograms using a fast Fourier transform-based implementation (fftconvolve method from Scipy version 0.17.1) to determine and correct any offset between the localizations and the wide-field images. We typically observed an offset that was between 40 and 60 nm in each direction that was attributed to both the stage drift and the drift correction procedure described above. The calculated offsets were applied to the localizations to ensure that they were correctly overlaid on top of their corresponding features in the wide-field images in the next steps of the analysis pipeline.
Wide-field images in the Alexa 488 and Alexa 647 channels were acquired in quick succession so that stage drift between the two acquisitions was effectively zero. We therefore used the same offsets as determined above to overlay the localizations on the wide-field images from the Alexa 488 channel. A small axial displacement of the piezo stage of 0.6 µm was made between channels to correct axial chromatic aberration. Due to the large sizes of the 53BP1 and γH2AX loci, we did not observe the need to correct transverse chromatic aberrations to determine the overlap of a telomeric STORM signal with a DDR locus (Fig. 3B) .
Manual cluster rejection
To ensure that each cluster of localizations was telomeric in origin, we performed a semiautomated filtering step for every FOV. Clusters of localizations were overlaid on top of the wide-field images (after applying the offsets described above) and presented one-by-one to the analyst. The analyst chose to keep or reject each cluster based on the following criteria: (1) Clusters were located on top of a fluorescent locus. (2) Clusters were located inside a cell nucleus. (3) The shape of the cluster roughly matched the shape of the corresponding wide-field locus. After each decision, the analysis software recorded the results and automatically progressed to the next cluster. This step was performed with the custom-written Python analysis library described above.
Manual cluster classification
For experiments in which we determined whether a 53BP1 or γH2AX signal was present at any given telomere, the manually filtered clusters of localizations were overlaid on top of the wide-field image from the Alexa 488 channel (applying the lateral offset as described above). Each telomere was then manually classified into one of three groups: (1) no overlap of the cluster with an Alexa 488 locus, (2) partial spatial overlap of the cluster with an Alexa 488 locus, and (3) complete spatial overlap of the cluster with an Alexa 488 locus. Once again, the custom software for this semiautomated analysis is at the URL above.
Data availability
All original data are available from the Dryad Digital Repository (http://dx.doi.org/10.5061/dryad.h1157).
